Semiconductor nanoparticles have attracted much attention in recent years owing to their unique properties depending on size, shape, and various material compositions. One of the most important materials among them is cadmium telluride (CdTe), which has direct band gap of 1.5 eV and an excitonic Bohr radius of 7.3 nm. 1 Also, high photoluminescence (PL) quantum efficiency of CdTe nanoparticles makes them an interesting material for their uses such as light emitting devices, 2 photovoltaic and photoelectrochemical devices, 3, 4 and biological labels. 5 Murray and co-workers reported the first synthesis of high quality CdTe nanoparticles in solution through a the thermal reaction by stirring dimethyl cadmium, Cd(CH 3 ) 2 and tri-noctylphosphine telluride in hot tri-n-octylphosphine oxide (TOPO). 6 This method had been modified by replacing TOPO with dodecylamine or hexadecylamine for the syntheses of highly luminescent CdTe nanoparticles. 7, 8 However, since some key chemicals in these traditional routes are extremely toxic, pyrophoric, explosive, and expensive, more safe and low cost inorganic compounds such as CdO, Cd(Ac) 2 , and CdCO 3 were used as a cadmium source for the syntheses of CdTe and/or CdSe quantum dots(QDs). [8] [9] [10] [11] [12] This simple method, which called 'green route', was performed in relatively mild conditions and was found to have some potential for large upscale industrial applications. Besides, luminescent CdTe QDs were able to be prepared in an aqueous medium with the use of thiol as stabilizing agents. 13 Subsequently, many studies about the syntheses of CdTe or core-shell CdTe QDs via aqueous routes have been developed. 8, [14] [15] [16] [17] [18] Many semiconductor quantum dots have been tried for their applications to develop cheap and high efficient solar cell, in which suitable band gap is essential to get high efficiency. However, the quantum dots were found to have some difficulty in securing a proper band gap for solar cell since as materials size gets smaller, the materials' band gap increases in general. In this regard, coating a low band gap material onto the QDs was adopted and Hens et al. reported PbTe-CdTe particles with a core-shell structure. 19 In this context, CdTe nanoparticles were coated with PbS, using a specially designed sonicator which is a closed system maintaining at 1.4 atm with argon gas as shown in Sheme 1. 20 Surprisingly, using this system in which was operated only 25 o C with a sonication time of 30 min, it was successful to coat thin film of PbS onto CdTe nanoparticles in nanoscale without using toxic or high temperature solvents. Also, it is noteworthy that such uniform coating on nano-particles in nanoscale with a minute coating depth control is typically very hard in other methods. Figure 1 shows the XRD patterns of PbS-coated CdTe nanoparticles synthesized from Pb(NO 3 ) 2 , thioacetamide (TAA), and CdTe nanoparticles in ethylene glycol at the described sonochemical conditions. However, it should be mentioned that the PbS coating was not successful in other solvents such as water, alcohols, and amines; in those solvents PbTe, CdS, and Te were formed. The coated PbS on CdTe is in a cubic phase with most intensity peaks at 2θ = 25. Figure 1 reveals that as the Pb/S source concentration increases, the peak intensities due to PbS in XRD pattern increase, while those of CdTe correspondingly decrease. This suggests that thick PbS coating was built up on the CdTe core as the Pb/S source concentrations increase. In the EDX analyses, the data show that both atomic ratios of Pb/S and Cd/Te are about 1 and Table S2 exactly shows atomic percentage of each atom. In the reaction condition that the ratio of Pb/S precursors and CdTe is 1:1(sample: CdTe/PbS-1), the ratio of Pb and Cd of the PbS-coated CdTe nanoparticles is about 1:4, indicating that the PbS coating depth onto CdTe core is about 1-2 nm. Figure 2 shows the Pb/Cd ratio of the coating products depending on the reaction conditions: increasing the amounts of Pb/S sources, the ratio of Pb/Cd also increases; when CdTe reacted with 3 times of Pb/S precursors (sample: CdTe/PbS-2), the ratio of Pb and Cd of the resulting PbS/CdTe nanoparticles is about 1:1; when CdTe reacted with 6 times of Pb/S precursors(sample: CdTe/PbS-3), the ratio of Pb and Cd is about 2:1. Figure 3 shows the high resolution-transmission electron microscopic images of the PbS-coated CdTe nanoparticles. They disclose that PbS was uniformly coated on CdTe surface in CdTe/ PbS-1case, while it was coated in flower shape in CdTe/PbS-2 and -3 cases: as Pb/S precursor concentration increases, flower-type PbS coating was resulted. This is because the size of bare CdTe nanoparticles of which size is only about 8-13 nm is very small compared to coated PbS and, after reaching a maximum of uniform PbS-coating process on CdTe, PbS grew into flower shape nanostructure, of which depth is about 5-15 nm around CdTe nanoparticles. It is well known that the optical band gap of PbS varies in very wide range in near-IR and UV-vis region from 0.33 eV to 2.0 eV, depending upon the PbS nanoaprticle sizes. 21 As shown in Table 1 , CdTe band gaps change from 1.78 eV to 1.71 eV and PbS band gaps do from 1.1 eV to 0.85 eV. The CdTe band gaps seem to be affected a little bit by the amount of PbS. Thus, our sonochemical process was found to be a useful toxic surfactant-free synthetic method for the preparations of CdTe/PbS core/shell nanocrystals.
Experimental Details
Most of the reagents were purchased from Sigma-Aldrich Corporation and used without further purifications. Triple distilled water (TDW) and ethylene glycol were used for solvents. The sonochemical reaction system consists of a cylindrical quartz cell into which a 5 mm diameter titanium horn (Misonix XL2020, USA) is inserted. It was operated at Notes 20 kHz and 220 W which is quite intensive compared to other typical ultrasound irradiation processes and kept at 1.4 atm with argon gas. The temperature of the solution inside the cell was kept to around 25 o C by a circulating water bath, which was found to be optimal condition for the synthesize nanoparticle process. 21 XRD data was acquired by scanning with a step size of 0.02 o at scan rate of 0.02 o /sec using a New D8-Advance (Bruker-AXS) (Cu Kα = 1.54056 Å). HR-TEM image was obtained with JEM-3010/JEOL and EDX results with a collection time of 1 minute. Near-IR spectroscopy was used to measure the band gap of PbS in the coreshell structure in range of the 6000-12000 cm −1 and UV-vis spectroscopy was used to measure the band gap of CdTe nanoparticles in range of the 300-800 nm. Synthesis of CdTe Nanoparticles. NaBH 4 (0.2 g, 5.75 mmol) dissolved in water and the solution was stirred at room temperature under Ar gas and then, added Te (0.32 g, 2.5 mmol) and stirred for 1 h. After color changes from black to violet, the solution was treated with CdCl 2 (0.51 g, 2.75 mmol) through sonication reaction at 80 o C for 1 h. After the reaction, the CdTe nanoparticles were washed 3 times with water and ethanol.
Synthesis of CdTe-PbS core/shell nanocrystals: 0.5 mmol CdTe nanoparticles were homogenously dispersed in 7 mL ethylene glycol and 0.5 mmol, 1.3 mmol, or 3 mmol Pb(NO 3 ) 2 and thioacetacetate (TAA) were dissolved in 7 mL ethylene glycol. After mixing those two solutions, they were reacted in above sonication conditions at 25 o C for 30 min. After reaction, resulting core/shell nanocrystals were washed with water and ethanol for 3 times.
